We show that exciton-type transport in certain materials can be dramatically modified by their inclusion in an optical cavity: the modification of the electromagnetic vacuum mode structure introduced by the cavity leads to transport via delocalized polariton modes rather than through tunneling processes in the material itself. This can help overcome exponential suppression of transmission properties as a function of the system size in the case of disorder and other imperfections. We exemplify massive improvement of transmission for excitonic wave-packets through a cavity, as well as enhancement of steady-state exciton currents under incoherent pumping. These results have direct implications for experiments with disorderd organic semi-conductors. We propose that the basic phenomena can be observed in quantum simulators made of Rydberg atoms, cold molecules in optical lattices, as well as in experiments with trapped ions.
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Understanding the transport properties of quanta and correlations and how to make this transport efficient over large distances are questions of fundamental importance in a variety of fields, ranging from experiments with cold atoms and ions [1] [2] [3] [4] , to quantum information theory [5] [6] [7] , to (organic) semiconductor and solar cell physics [8] [9] [10] . In most realistic situations, transport efficiency is known to be strongly inhibited by disorder. For example, Anderson-type localization of single-particle eigenstates [11] in disordered media implies an exponential suppression of exciton transmission, i.e. over a distance of N sites it decays as T ∝ exp(−N ). This is the case, e.g., with energy transport in organic semiconductors based on Frenkel excitons (i.e. electron-hole pairs) [8] , where disorder occurs, e.g., in the spatial distribution, dipole orientations and internal energies of the molecules. Inspired by first breakthrough experiments on charge transport in these molecular semiconductors in the strongcoupling regime [12] , in this work we show how this exponential suppression can be essentially overcome by coupling the excitons to the structured vacuum field of a Fabry-Perot cavity placed transverse to the direction of exciton propagation. In one dimension, this trades the exponential suppression for a decay which is at most algebraic, T ∝ N −2 , a massive enhancement that should be observable for realistic exciton-cavity couplings, system sizes, disorder strengths and even at room temperature [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . In principle, this effect may open the way towards utilizing molecular materials as inexpensive and flexible alternatives to traditional silicon-based semiconductors [8, [23] [24] [25] [26] [27] [28] [29] .
Here, we provide a theoretical understanding of enhanced exciton transport for a model of two-level systems embedded in a cavity in the limit of strong collective light-exciton coupling, which closely resembles the configuration of Refs. [12, 17, 18] . We note that in these systems, strong collective coupling has been already demonstrated, and even used, e.g., to modify intrinsic material properties such as the work function [30] . Our model also applies to artificial media such as cavity-embedded Rydberg lattice gases [31, 32] , polar molecules in optical lattices [33, 34] , or ions in linear Paul traps [35, 36] . In these systems, large couplings [37] and reduced decoherence from spontaneous emission may allow for demonstrating essentially instantaneous coherent transport of excitonic wave-packets over large distances with closeto-unit efficiency, T ∝ 1.
The model we consider consists of a chain of N twolevel systems or "spins" with local states |↑ i and |↓ i that are embedded in a cavity. The coupling to the cavity mode is governed by the Tavis-Cummings Hamiltonian H cav = g i σ the cavity photon, and σ ± i the Pauli spin raising/lowering operators for the spin at site i. The excitations (i.e. the states |↑ i ) have an energy ω i ( ≡ 1) and can tunnel between neighboring sites, as described by the Hamilto-
The tunneling rates J i can be site-dependent, and we define J i = J + δJ i , where δJ i denotes random disorder drawn from a normal distribution.
The general dynamics of our system is governed by the master equationρ = −i[H, ρ] − α L α (ρ), with ρ the density matrix and
α incorporate all dissipative processes via ordinary Lindblad operators L α . We consider for example cavity decay (L κ ≡ κa/2) as well as spontaneous emissions of each spin (L sp.em.,i ≡ γ sp.em. σ
, deriving e.g. from radiative decay and fluctuations in level-spacing (vibrations), respectively. In the homogeneous situation with ω i = ω 0 and J i = 0, H cav is responsible for the formation of dressed modes of the cavity photons and of the collective Dicke states σ 
In this work we study two possible scenarios to observe enhancement of exciton transport by exploiting these polariton states: (i) a wave-packet scattering experiment, and (ii) steady state exciton currents under incoherent pumping. The latter may be of interest for, e.g., artificial media and molecular semiconductors, respectively. Case (i) is sketched in Fig. 1(a) : In addition to the N spins in the cavity, M spins are added to the left and right of the cavity (N = 2M + N ), with Hamiltonian H 0 . We consider a homogeneous level-spacing inside and outside of the cavity, with ω i = ω 0 for i = M + 1, . . . , M + N and ω i = ω otherwise, and define the relative detuning ∆ = ω − ω 0 . We further denote J i = J for i = M + 1 and i = M + N , i.e., at the entrance and exit of the cavity, to allow for impedance effects (see below). At time t = 0, a Gaussian-shaped wave-packet of excitons,
2 ) |j , with width δ (standard deviation) and initial quasi-momentum q 0 is injected on the left. Here, |j ≡ |↑ j i =j |↓ i denotes the state of a single excitation at site j. The initial displacement from the cavity is δ x = M −j 0 . As an example, we choose δ x = 20, δ = 5 and q 0 = π/2 [corresponding group velocity v g = 2J sin(q 0 ) = 2J]. We are interested in the wave-packet fraction that for properly tuned parameters can be transferred nearly instantaneously to the right side of the cavity upon scattering [cf. Fig. 1(b) ].
Case (ii), in constrast, concerns a system with sites i = 1, . . . , N embedded in the cavity. Excitations are incoherently pumped to site i = 1 from the left and are removed from site i = N . This can be achieved via dissipative terms with
respectively. Under these conditions, we calculate the output current of excitons, I out = tr[n e L out (ρ)] (with n e = σ + N σ − N ) in the steady-state. Similar to the case [38] , this current arises naturally from the continuity
In the second part of this paper we show how I out can be dramatically enhanced in the presence of the cavity.
Wave-packet scattering -In case (i), we first simplify the dynamics by neglecting all dissipative terms and disorder (a very good approximation for e.g. a Rydberg lattice gas [39] ). Under these conditions, for g = 0 the wavepacket (v g = 2J) reaches the right side of the cavity on a long timescale t l J = δ x +2δ +N/2. This is essentially the time required to hop over N sites plus the time needed to enter and exit the cavity, and corresponds to light-conetype propagation. Here we propose to use the polariton mode to tunnel N sites almost instantaneously.
The time-scale for a single excitation to couple in and out of the collective polariton mode is proportional to √ N /g, and can be exceedingly small for g large enough. Then, transmission to the right side beyond the freeevolution light-cone is possible on an ultra-short scale t s J = δ x + 2δ t l J, which is dominated by the entrance time in the cavity. The dynamics can then be described via elastic scattering through the cavity, with a quasi-momentum dependent transmission function T q = |t q | 2 , and t q the coefficient appearing in the associated Lippmann-Schwinger scattering equation [40] .
The time-independent function T q completely determines the conduction properties of the material [41] [42] [43] [44] , and can be computed exactly for our model. The coefficient has the general form
Here, Ω n is the nth eigenvalue of the reduced Hamiltonian for the cavity-coupled central N sites of the chain [39] . The resulting T q in general presents three regions of ballistic transmission (i.e., T q = 1). These correspond to (a) ordinary exciton hopping for ∆ ∼ 0, with an approximate width 4J, as well as (b) two peaks for ∆ ∼ Ω u,d − J. The latter correspond to polariton-mediated transmission, and have an approximate Lorentzian shape with a N -dependent full width at half maximum (FWHM)
For large enough strength of the collective exciton-cavity coupling g √ N > max[w, 4J, κ] all peaks are well separated, which defines the collective strong coupling regime. In the following we focus on this regime, where in the vicinity of the polariton peaks T q is found to simplify to
The full time-dependent scattering dynamics for the initial wave-packet, |ψ(t = 0) can be investigated via a numerical exact diagonalization technique. We thus de- fine the following time-dependent transmission
This observable measures the total number of excitations that reach the right side of the system at a given time t . Our goal is to realize large ultra-fast transmission via the polariton peaks with T t ∼ 1 and t = t s . Thus two conditions have to be met: (i) The detuning ∆ has to match the energy of either of the polariton peaks; and (ii) the wave-packet has to be sufficiently sharp in quasi-momentum space to fit into the energy window w, implying a real-space width on the order of the cavity length. While this can be generally difficult to realize, we find that condition (ii) can be satisfied by a choice J ∝J N ≡ (2 ln 2)
1/4 N/2δJ (ensuring that w remains independent of N ), similar to an impedance effect.
In Fig. 2 (a) we compare T t for different ∆, for t = t s (red continuous line) and t = t l (black dashed line). We choose a cavity with N = 100 sites, a large g = 50J, and set J = 4J N . As expected, here the figure shows the existence of two distinct polariton peaks, allowing for ballistic transmission on the ultra-fast scale t s . The position and width of the peaks are in agreement with the analytical time-independent predictions of Eq. (1). The peak at ∆ ∼ 0 instead reflectes regular exciton hopping on a time-scale t l t s . Note that here T t l < 1 due to backscattering at the cavity entrance where J > J.
When decreasing the coupling strength g, the exciton dynamics through the cavity slows down considerably [39] . The scattering becomes generally inelastic within t s : part of the wave-packet energy remains in the cavity and T ts < 1. However, we find that even for moderate couplings, a large fraction of the exciton wave-packet can be still transmitted within t s . This is shown in Fig. 2(b) , which is a contour plot of max ∆ (T ts
√ N J improving to 100% when increasing g/ √ N J. This is expected since for g > √ N J, we enter the elastic scattering regime, in which the time-scale for coupling in and out of the polariton mode becomes negligible. We thus note that in this regime an ultra-fast transmission with T ts ∼ 1 over arbitrarily large distances N becomes possible, if a coupling strength g √ N J can be engineered. Interestingly, the figure shows that even for g √ N J a significant part of the wave-packet is transmitted within t s . In this regime, which corresponds to inelastic scattering in the collective strong coupling regime, we find the general scalings T ts ∼ g 4 and T ts ∼ 1/N 2 . Thus, cavity-mediated transmission decreases only algebraically with N , which can be important, e.g., when competing against exponential suppression due to disorder. We come back to this point below.
In the case of a lossy cavity (κ = 0), the effect of dissipation is in general to decrease T ts with increasing κ, due to loss of exciton population, while the FWHM increases accordingly. In Fig. 2(d) we show that ultra-fast transmission of a large wave-packet fraction is however still possible for κ ∼ J (as, e.g., in a polar molecule setup, see [39] ). There, the dynamics after an adiabatic elimination of the cavity mode can be effectively described by an all-to-all hopping Hamiltonian H eff ≈ Similar to H cav above, we find that also H eff can give rise to ultra-fast transmission. We propose that such a situation could for example be observed in experiments with trapped ions, where these type of very long-ranged interactions arise naturally even in the absence of a cavity [39] .
In realistic organic semi-conductors, disorder is key both in the spatial distribution and dipole orientation of molecules, implying site-dependent J i in H 0 . In addition, typical cavity couplings are much weaker (g ∼ 0.1J) as in the artificial material above (see [39] ). Figure 3(a) shows T t as function of N for the same setup of Fig. 2 , with δ J = 0.2 but for fixed ∆ = g √ N − J. Without cavity (g = 0) T t l is exponentially suppressed, leading essentially to zero transmission for large N (T ts < 10 for N 400 sites), as expected from Anderson-type localization in one-dimension [11] . However, the localized eigenstates of the system can be modified by the cavity [45] [46] [47] . Adding realistically weak cavity couplings (g = 0.05J, 0.1J, 0.2J) already lifts the transport suppression and allows for a small but finite transmission even for systems with N = 10000 sites. Consistent with the discussion above, in the collective strong coupling regime [right of vertical lines] we find an universal algebraic behavior T t ∼ 1/N 2 . Interestingly, also in the weak coupling regime [left of vertical lines], i.e. when the two polariton peaks cannot be resolved, we find a small but essentially constant transmission which is orders of magnitudes larger than T t l in the cavity-free case.
Incoherent pumping setup -We now consider the case (ii) above, resembling the experiment of [12] , where we analyze steady-state currents I out that develop under incoherent pumping of excitations (γ P , γ out > 0). In addition to disorder, spontaneous emission and dephasing are now included with γ sp.em. = 0.04J and γ deph. = 0.9J, respectively. The pump rate γ P plays the role of a "voltage" for the exciton currents, and we can plot "I-V curves" for the exciton current, Fig. 3(b) . The figure shows that even small cavity couplings g can increase I out by orders of magnitude compared to the cavity-free case (g = 0). This finding is in stark contrast with previous works with exciton-polariton in multi-mode cavities [48] and constitutes one of the key results of this work.
Consistent with the wave-packet dynamics above, Fig. 3(c) shows that, for g = 0, I out decreases exponentially with N , due to the various dissipative terms and the disorder. However, again, adding a small g = 0.05, 0.1, 0.2, changes the currents dramatically: for N = 150 and g = 0.2 the collective strong coupling regime is barely reached g √ N ∼ 2.5J; nevertheless, remarkably, we find that I out , just as T ts above, already displays an algebraic large-N decrease proportional to 1/N 2 . The fact that the cavity enhancement of I out is indeed induced by a collective coupling to the cavity mode is further demonstrated in Fig. 3(d) , where I out is shown vs g, for a few values of κ. There, we find a sudden increase of I out when g exceeds a particular value, indicated by the vertical lines. By inspection, we find that this indeed corresponds to the point where g √ N exceeds all other energy scales. Consistently, this point is shifted to larger values of g for large κ = 10, see Fig. 3(d) .
Conclusion & Outlook -In this work, we have shown that both incoherent and coherent exciton transport in a spin chain can be dramatically enhanced by collective coupling to the structured vacuum field of a Fabry-Perot cavity. These results may be relevant for disordered organic semiconductors at room-temperature, where conduction may be ameliorated by orders of magnitude, as well as for artificial media made of Rydberg atoms, polar molecules or cold ions at sub-mK temperatures. It is an exciting prospect to investigate whether strong coupling can induce the propagation of both classical and quantum correlations [49, 50] at ultrafast timescale in the case of interacting excitations [51] .
We note that results for transport in disordered organic semiconductors related to those reported here have been independently obtained by J. Feist and F. J. GarciaVidal [52] .
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SUPPLEMENTAL MATERIAL

Details on scattering calculation
It is convenient to write the reduced Hamiltonian for the cavity-coupled central N sites in its eigenbasis, nΩ n Π † n Π n , where the projectors Π n = |vac n| destroy an excitation in the eigenstates |n . Since the total Hamiltonian H = H 0 + H cav commutes with the excitation operator, i.e.
n Π n , the one excitation ansatz can be written as
For the single exciton scattering C
Couplings J n,l = −J n| σ † M +1 |vac and J n,r = −J n| σ † M +N |vac involve exciton amplitudes at the leftmost and rightmost cavity-coupled sites. The N + 1 eigenvaluesΩ n are found by solving the reduced Schrödinger equation for the central N sites. They obey the non-linear equation
with
. However, open boundary conditions (OBC) do not allow for an analytical expression of the transmission amplitude t q ; it can be obtained by using periodic boundary conditions (PBC). Fourier transforms of the spin operators,
allow to factorize the superradiant mode σ ± 0 as well as to introduce the polaritons through the transformations
The energies of the N − 1 uncoupled cavity modes are insteadΩ k = ω 0 − 2J cos(2πk/N ). These also make the evaluation of coefficients β and Γ l = Γ r = Γ straightforward:
In fact T q = 1/(1 + β −2 /4). We also looked for transmission resonances in case of a site-dependent coupling g i . In this case Eq. (5) reduces to In the case of disorder we always have the situation that excitations remain in the cavity. Interestingly for systems up to N = 3000 complex dynamics of the cavity occupation takes place. For larger N we have a similar situation as in the case without disorder and small g, i.e. part of the excitation is stuck in the cavity (and constant). Note also that in the disorder case the occupation is much smaller. and the polariton peaks are atΩ
Comparison analytics and numerics
We check under which circumstances our scattering theory gives agreement with the numerics. The condition that has to be met is that we have to be in the elastic scattering limit, i.e. the excitation goes fully in and out of the cavity on the time-scale of the experiment/simulation. Whether this is met can be checked by looking at the time evolution of the occupation number of the cavity mode. We analyze this in Fig. 4 , where we show examples of the different regimes. In addition we check to what extend the height and peak-position of our transmission spectrum, which we calculate fully numericaly, agrees with the analytical expectation. Results are shown in Fig. 5 Realistic semiconductor situation
The dipole moment for typical molecules is d = e × 0.75 nm . Given a spacing of x = 3 nm this yields a tunneling constant between nearest neighbors of J = d 2 /(4π 0 x 3 ) ≈ 0.03 eV. According to [12] a Rabi-splitting of Ω R ≈ 1 eV = 2g √ N can be achieved for 10 5 molecules. Thus, a value of g ≈ 0.0016 eV ≈ 0.05J is realistic. Typical noise in the position is given by δx = 0.2 nm, which is a fluctuation of 7% in x and yields a fluctuation of 20% in J. Finally, a typical level spacing is ω = 2 eV ≈ 70J. 
Atomic, Molecular and Optical systems
Rydberg atoms -The XY model we consider in this manuscript can be realized in a Rydberg lattice gas [32] . Here with a first pulse a Rydberg |nS state lattice is created by using the dipole blockade. Then these states are coupled to another |n P state that serves as second spin state. For example, in [32] the states |60S 1/2 and |59P 3/2 are used ( 87 Rb atoms). The level spacing is 18.5 GHz. A transition dipole moment between these states is Rydberg-typically (d ∼ n 2 ) very large and on the order of d = 2000 ea 0 . Resonant microwave cavities for transition frequencies of 51 GHz with dipole moments of 1000 ea 0 and coupling strengths of g ≈ 300 kHz (Q-factor of 3 × 10 8 ) have been successfully engineered [37] . Since g ∼ d √ ω 0 , couplings of g ≈ 350 kHz are within reach. On the other hand, for a separation of 20 µm, typical nearest neighbor tunneling is on order of 80 kHz [53] and thus g much larger than J is clearly possible. For a Q factor of 10 8 , the decay rate would be 1 kHz and thus negligible compared to g and J. The lifetime of the Rydberg states can be on the order of tens of milliseconds and therefore also spontaneous emissions can be safely neglected.
Polar molecules -The same type of microwave cavities could be used for systems of polar molecules in optical lattices, where rotational states (spacing typically ∼ 2 GHz) can be used as spin-states. In these systems J ≈ 50 Hz has been successfully observed in a recent experiment [33, 34] . While much stronger couplings g J can be engineered for these systems, a challenge might be to build a cavity with a sufficiently large Q-factor. For example, for Q = 10 8 , κ = 125 Hz and thus larger than J. The lifetime of the states is sufficiently long to observe coherent dynamics over ∼ 0.1 s [33] .
Cold ions -In the domain of optical transitions, setups with ions in linear Paul traps might be considered. In these experiments tunneling rates of J ≈ 400, Hz can be achieved [2] . Note that since in these experiments the hopping is mediated by motional degrees of freedom of the ion-crystal, also long-range hoppings are important. Typical decay exponents range from α = 0.1 (almost all-to-all interactions) to α = 2. In the all-to-all case no cavity is required at all. Nevertheless, ion in cavities with couplings of g ∼ 10 MHz (with κ ∼ MHz) [54] can be engineered. Thus, here also very strong coupling in the regime κ J could be achieved. We also numerically verified ultra-fast transmission in the case of an all-to-all coupling H ∞ = J ∞ i,j σ − i σ + j . In Fig. 6 we use the same wave-packet as in Fig. 2 . Instead of coupling the sites i = M + 1, . . . , M + N to a cavity however, we couple them collectively via H ∞ . Again we find ultra-fast transmission peaks with T ts = 1, however now they appear at values of ∆ ∼ Ω 0 = N J ∞ , which corresponds to the eigenenergy of the dominant eigenvalue of the all-to-all Hamiltonian. 
